Background/Aims: Our previous reports suggested that dietary supplementation with lysine influenced intestinal absorption and metabolism of amino acids. In this study, we further investigated the effect of lysine restriction (30%) on feed intake and we also tested the hypothesis that gut microbiome contributed to the potential mechanism of lysine restrictionmediated feeding behavior. Here, we profiled gut microbial communities by sequencing 16S ribosomal ribonucleic acid (rRNA) genes from gut samples as well as growth performance, serum hormones, and intestinal lysine transport in a piglet model. Results: Piglets preferred to the lysine restricted diet when giving three diets and the feed intake was markedly higher in the lysine-restricted group than that in the control group. Altered hormones (leptin, CCK, and ghrelin) might contribute to the feeding behavior caused by lysine restriction. Meanwhile, lysine transporting ability (SLC7A1 and SLC7A2 expression, intestinal electrophysiological changes, and amino acid pool in mesenteric vein) was decreased in response to lysine restriction. Through deep sequencing of bacterial rRNA markers, we observed that bacterial diversity was enhanced in the lysine-restricted group (Shannon H, PD, and Chao1). At the phylum level, lysine restriction enhanced gut Actinobacteria, Saccharibacteria, and Synergistetes abundances.
Introduction
Dietary restriction is a promising therapeutic potential for preventing agingrelated diseases and extending healthspan via mediating feeding behavior and metabolic reprograming, especially for protein restriction [1] [2] [3] [4] . Lysine serves as a key building block for protein synthesis and has been classified as an essential amino acid in humans and animals [5] [6] [7] . In previous studies, we used zein-formulated-lysine deficient diet and found that lysine deficiency inhibited feed intake and influenced intestinal absorption and metabolism of amino acids in mice and piglets [8, 9] . This study was one of the first attempts to investigate if lysine limitation corresponds to the beneficial role of protein restriction.
Gut microbiota composition and activity can be rapidly shaped by dietary different nutritional level, nutrients, and texture. For example, a dry diet significantly improves oral bacterial diversity than wet-food diet in cat model [10] . Microbial mechanism underpinning the body of evidence indicates that various nutrients promote gut health and host metabolites and dietary factors facilitate the colonization of specific microbes [11] . Meanwhile, various organs are directly under the influence of bacterial metabolites that may further regulate physiological processes, such as endocrinology and feed intake regulation [12, 13] . Microbial communities are now suspected of contributing to a myriad of epidemics of chronic diseases [14] [15] [16] [17] and nutrients-mediated gut microbiome provides potential development of nutritional strategies for disease prevention and treatment. Currently, various hormones have been identified to serve as potential mechanism of gut microbes-controlling feed intake, such as leptin, glucagon-like peptide-1, Peptide YY, cholecystokinin (CCK), and ghrelin [13, 18, 19] . However, little evidence has concluded the effects of dietary lysine level on gut microbiome and its potential role in feeding behavior. Thus, in this study, we used 16S ribosomal ribonucleic acid (rRNA) sequencing to investigate gut microbial diversity in lysine-restricted piglets.
Materials and Methods
Animals and groups 18 male piglets (Landrace × Large White) with average body weight (21.26 ± 0.39kg) were randomly divided into 6 triangular pens (Fig.1A ) (n=3) with three feeding troughs in each corner. Three lysine diets (70%, 100%, and 130%) according to the NRC 2012 (Table 1) were fed in each trough and the feeding order and feeding troughs of diets were changed every day in a fixed order. Animals were free to drinking water and fed for 6 times per day for 25 days. Feed intake in each trough were recorded daily to evaluate the dietary preferences for diets varying in lysine concentration.
48 male piglets (Landrace × Large White) with average body weight were further bought to investigate the underlying mechanism in response to dietary different dosages of lysine. Animals were housed individually and assigned into two groups (n=24): a control group in which piglets received a basal diet according to the NRC 2012 (L100) and a lysine restricted group in which piglets were fed a diet containing 70% lysine diet (L70) of the control (Table 1) . After 3 weeks (21 days), 8 piglets from L100 and L70 were randomly selected and killed for sample collection. Then 8 piglets from L100 group were fed the 70% lysine diet (L100.70) and the other 8 piglets still received the same 100% lysine diet (L100.100). Similarly, the diet was changed into 100% lysine for 8 piglets in L70 group (L70.100) and the other 8 piglets still received the same 70% lysine diet (L70.70) for 3 weeks (Fig. 1D ). Animals were free to drinking water and fed for 3 times per day. Blood leptin and gastrin determinations All animals were anaesthetized with Zoletial 50 (Virbac Co., France) and then blood samples from mesenteric vein and carotid artery were harvested. Serum samples were separated from the blood after centrifugation at 3, 000 × g for 10 min and under 4 ºC. Leptin and gastrin were determined using ELISA kits in accordance with the manufacturer's instructions (Nanjing Jiangcheng Biotechnology Institute, China).
Serum amino acids
Serum samples from mesenteric vein were further used to test amino acid contents (His, Ser, Arg, Gly, Asp, Glu, Thr, Ala, Pro, Cys, Lys, Tyr, Met, Val, Ile, Leu, Phe, and Trp) by High-speed Amino Acid Analyzer L-8900 (Japan).
Lysine transport
The in vivo lysine transport was tested via Ussing chamber according to our previous report [20] . Briefly, 10-cm segments were excised from the proximal jejunum and immediately placed in oxygenated HEPES-Tris buffer solution (pH 7.4) at 37 o C. Mucosa sample were made for 4 replicates respectively, aperture area was set for 0.5cm 2 as the exposed tissue surface area, and the fluid volume in each chamber was 5 ml. Moreover, the concentration of lysine and mannitol was 0.2mmol/L in the chamber buffer, respectively. The intestinal mucosal epithelium was mounted in an Ussing chamber (Physiological Instruments Inc., San Diego, CA). The mounted tissues were equilibrated for 10min (baseline period) before the machine was adjusted to correct current and voltage according to the manual book (correction period, ensure that current and voltage value are zero, the transepithelial resistance (TR) is approximately 66 μΩ/cm 2 ). One milliliter of a 0, 1, and 5 mmol/L Lys solution was added to the luminal side of mucosa in a chamber, and mannitol solution was simultaneously added to the luminal side of serosa after equilibrating 10min (two half-chambers filled with 4ml HEPES-Tris buffer) to maintain the same osmotic pressure on both sides of the intestinal tissue. The changes in transepithelial resistance (TR) and short-circuit current (Isc) were recorded throughout the entire trial, which were used to evaluate the effect of Lys concentration on electrophysiological current in the intestinal mucosa of piglet. After 1 h, 2 ml of solution from the mucosal and serosal sides were sampled into centrifuge tubes and stored at -20 o C for lysine analysis by an automated amino acid analyzer (L-8900, Hitachi, Japan). The changes in electrophysiological Isc (μA/cm 2 ) and TR (μΩ/cm 2 ) were calculated and lysine concentration of the diluted sample was determined.
Real-time quantitative (RT-PCR)
Total RNA from jejunum and ileum samples was isolated from liquid nitrogen frozen and ground tissues with TRIZOL regent (Invitrogen, USA) and then treated with DNase I (Invitrogen, USA) [21] [22] [23] . The reverse transcription was conducted at 37°C for 15 min, 95°C 5 sec. Primers used in this study were designed via Primer 5.0 according to mouse and pig gene sequence (Table 2 ). β-actin was chosen as the house-keeping gene to normalize target gene levels. The PCR cycling condition was 36 cycles at 94°C for 40 sec, 60 °C for 30 sec and 72°C for 35 sec. The relative expression was expressed as a ratio of the target gene to the control gene using the formula 2
, where ∆∆Ct=(Ct Target -Ct β-actin ) treatment -(Ct Target -Ct β-actin ) control . Relative expression was normalized and expressed as a ratio to the expression in the control group [24] [25] [26] .
Isolation and characterization of microbiota
Total genome DNA from ileal digesta was extracted using QIAamp DNA Stool Mini Kit and DNA concentration and purity was monitored on 1% agarose gels. According to the concentration, DNA was Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following manufacturer's recommendations and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. At last, the library was sequenced on an IlluminaHiSeq2500 platform and 250 bp paired-end reads were generated. Raw sequences are available in the NCBI SRA with accession numbers PRJNA376081.
Microbiome analysis
Paired-end reads were assigned to samples based on their unique barcode and truncated by cutting off the barcode and primer sequence. Paired-end reads were merged using FLASH (V1.2.7, http://ccb.jhu. edu/software/FLASH/), which was designed to merge paired-end reads when at least some of the reads overlap the read generated from the opposite end of the same DNA fragment, and the splicing sequences were called raw tags. Quality filtering on the raw tags were performed under specific filtering conditions to obtain the high-quality clean tags according to the QIIME (V1.7.0) quality controlled process. Sequences analysis were performed by Uparse software (Uparse v7.0.1001). Sequences with ≥97% similarity were assigned to the same OTUs. Representative sequence for each OTU was screened for further annotation. For each representative sequence, the GreenGene Database was used based on RDP classifier (Version 2.2) algorithmto annotate taxonomic information. In order to study phylogenetic relationship of different OTUs, and the difference of the dominant species in different samples (groups), multiple sequence alignment was conducted using the MUSCLE software (Version 3.8.31). OTUs abundance information were normalized using a standard of sequence number corresponding to the sample with the least sequences. Subsequent analysis of alpha diversity and beta diversity were all performed basing on this output normalized data. Alpha diversity is applied in analyzing complexity of species diversity for a sample through 6 indices, including Observed-species, Chao1, Shannon, Simpson, ACE, Good-coverage. All this indices in our samples were calculated with QIIME (Version 1.7.0) and displayed with R software (Version 2.15.3). Beta diversity analysis was used to evaluate differences of samples in species complexity, Beta diversity on both weighted and unweighted unifrac were calculated by QIIME software (Version 1.7.0). Cluster analysis was preceded by principal component analysis (PCA), which was applied to reduce the dimension of the original variables using the FactoMineR package and ggplot2 package in R software (Version 2.15.3). Principal Coordinate Analysis (PCoA) was performed to get principal coordinates and visualize from complex, multidimensional data. A distance matrix of weighted or unweighted unifrac among samples obtained before was transformed to a new set of orthogonal axes, by which the maximum variation factor is demonstrated by first principal coordinate, and the second maximum one by the second principal coordinate, and so on. PCoA analysis was displayed by WGCNA package, stat packages and ggplot2 package in R software (Version 2.15.3). Unweighted Pair-group Method with Arithmetic Means (UPGMA) Clustering was performed as a type of hierarchical clustering method to interpret the distance matrix using average linkage and was conducted by QIIME software (Version 1.7.0).
Predictive functional profiling of microbial communities
OTUs were further used for genome prediction of microbial communities by PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) [27] . PICRUSt takes an input OTU table that contains identifiers that match tips from the marker gene (e.g. greengenes identifiers) with corresponding abundances for each of those OTUs across one or more samples. First, PICRUSt normalizes the OTU table by the 16S copy number predictions so that OTU abundances more accurately reflect the true abundances of the underlying organisms. The metagenome is then predicted by looking up the pre-calculated genome content for each OTU, multiplying the normalized OTU abundance by each KEGG abundance in the genome and summing these KEGG abundances together per sample. The prediction yields a table of KEGG abundances for each metagenome sample in the OTU table. For optional organism-specific predictions, the per-organism abundances are retained and annotated for each KEGG. In this study, 6, 079 KEGG abundances were obtained and 5, 41, and 328 KEEG pathway annotations in KEEG level 1, 2, and 3 were identified in the Greengenes reference tree, respectively. We only focused on level 2 and 3 to investigate metagenome response to dietary lysine restriction.
Statistical Analysis
Data analysis were performed by using the one-way analysis of variance (ANOVA) to test homogeneity of variances via Levene's test and followed with student's T test [28] (IBM SPSS 21.0 software). Data are expressed as the mean ± SEN. Values in the same row with * or # are significant (P < 0.05).
Results

Lys restriction promotes feed intake
Three lysine diets were provided in a triangular pen and piglets were free to these feeds (Fig. 1A) . During the first two weeks, there was no obvious difference, while the feed intake and intake percent of diet containing 70% lysine tended to increase from day 15 to day 24 ( Fig. 1B and C) , suggesting that piglets preferred to the lysine restricted diet. The results were further highlighted by that dietary lysine restriction (70%) markedly enhanced feed intake compared with the control group (100%) from 2-5 weeks (p<0.05) (Fig. 1E) . Meanwhile, feed intake from piglets fed the restricted diet was markedly lower after the diet changed into the control diet (p<0.05).
Intestinal microbiota of Lys restriction exhibits increased diversity and different composition
The hypervariable V3 and V4 regions of 16S rRNA genes were sequenced from ileal digesta and an average of 70, 910 ± 10, 651 reads were generated from each sample. Binning sequences using a pairwise identity threshold of 97 %, we obtained an average of 433 ± 100 operational taxonomic units (OTUs) per sample. Observed species, the estimators of community evenness (Shannon H), and richness (Phylogenetic Diversity, PD, and chao1) were examined in alpha-diversity between the microbiomes ( Fig. 2A-D) . Although the longterm dietary 70% lysine tended to enhance ileal microbial diversity compared with the 100% lysine group, the difference was insignificant (PD, 55.07±8.84 vs. 34 (Fig. 4) . In contrast, the community richness was markedly decreased in the L70.100 group compared with the L70.70 group (p<0.05) (Fig. 2) .
To evaluate overall differences in beta-diversity between the microbiomes, we applied Principal Component Analysis (PCoA) to weighted and unweighted UniFrac distance metric
matrices generated for the sample set. Comparison of unweighted UniFrac distances between pairs of samples between different groups showed that the microbial community structure in dietary lysine restricted groups was more closely related to each other than to dietary normal feed ( Fig. 2E and F) . The overall microbial composition for lysine restriction differed at the phylum and family levels ( Fig. 3 and Table 3 ). The two largest phyla represented in each dataset Firmicutes and Proteobacteria, while none of these differences were statistically significant after t test correction (p>0.05). Compared with the control diet, lysine restriction for 6 weeks markedly enhanced intestinal Actinobacteria, Saccharibacteria, and Synergistetes abundances (p<0.05) ( Table 3) . Diet changed into lysine restricted diet also increased the abundances of Actinobacteria, Saccharibacteria, and Synergistetes (p>0.05). Fusobacteria was significantly enhanced after the diet changed into lysine restriction (p<0.05). At the family level, dietary lysine restricted diet for 6 weeks markedly enhanced intestinal Moraxellaceae, Halomonadaceae, Shewanellaceae, Corynebacteriaceae, Bacillaceae, Comamonadaceae, Microbacteriaceae, Caulobacteraceae, and Synergistaceae abundances (p<0.05), while Halomonadaceae, Shewanellaceae, and Comamonadaceae were reduced after the lysine restricted diet changed into the control diet (L70.100) (p<0.05). These significant differences were further confirmed by LEfSe analysis, which uses linear discriminant analysis (LDA) coupled with effect size measurements to identify bacterial taxa whose sequences are differentially abundant in lysine restriction (data not show). . * means the difference was significant compared with the Lys100; # means the difference was significant compared with the Lys70; % means the difference was significant compared with the Lys100-100; & means the difference was significant compared with the Lys70-70 
Biofunction prediction of microbial communities
In this study, PICRUSt was used to analyze functional profiling of microbial communities [27] . To evaluate overall differences in KEEG abundances between the metagenomes, PCoA was generated in KEEG level 2 and 3 ( Fig. 4 A and B) . The results showed that metagenome was highly regulated in response to dietary lysine fluctuation. In the level 2 (Fig. 4C) , moderate dietary lysine restriction markedly affected cellular metabolism and physiology, such as amino acid metabolism, membrane transport, endocrine system, carbohydrate metabolism, cellular signaling, and replication and repair. For example, amino acid metabolism, membrane transport, and endocrine system were markedly enhanced in KEEG pathways after dietary a lysine-restricted diet (L70.70) (p<0.05). Membrane transport (Fig. 4D) , amino acid metabolism (Fig. 4E) , and endocrine system (Fig. 4F ) were further analyzed in KEEG level 3. In the membrane transporting system, transporters were significantly affected in response to dietary lysine restriction (p<0.05). Amino acid transporters mainly contribute to intestinal amino acid absorption, the KEEG analysis showed that dietary lysine restriction markedly influenced activities of amino acid-related enzymes and metabolism of Ala, Asp, Gly, Glu, Cys, Met, and His, and biosynthesis of lysine, Val, Leu, and Ile (p<0.05).
Lys restriction affects intestinal absorption of amino acids
Our previous reports indicated that dietary different lysine concentration influences intestinal expression of lysine transporters, including SLC7A1 and SLC7A2. In this study, biofunction prediction of microbial communities suggested that dietary lysine restriction might mediate transporters and amino acid metabolism in piglets to regulate lysine absorption and metabolism. Thus, jejunal and ileal lysine transporters (SLC7A1 and SLC7A2) were determined via RT-PCR and the results showed that lysine restriction markedly downregulated intestinal SLC7A1 and SLC7A2 expressions (p<0.05), which were increased when the diet has been changed into normal diet (L70.100) (p<0.05) (Fig. 5A-D) .
The Ussing chamber used in the present study provided a physiologically relevant system for measuring the transport of lysine according to our previous reports. Although we failed to notice any significant difference in lysine transport (Table 4) , Isc was obviously 
higher and R was lower in lysine-restricted groups ( Fig. 5E-H) . Interestingly, R was markedly decreased in lysine-restricted group (L70) compared with the control (L100) (Fig.  5F ).
Electrophysiological changes in the lysinerestricted group further confirmed the lowered transporting ability of lysine in the intestinal mucosa after lysine restriction.
SLC7A1 and SLC7A2 contributed to the absorption of basic amino acids, such as lysine, His, and Arg. To investigate the absorption of amino acids from lumen, blood samples from mesenteric vein were collected and analyzed for amino acid concentrations (Fig. 5I) . Lysine restriction markedly decreased serum lysine level (p<0.05), which was increased after the diet changed into the control diet (L70.100) (p<0.05). However, serum His exhibited an opposite trend that His increased in lysine restricted group and decreased in L70.100 group (p<0.05). Glu, Gly, Cys, Ile, Met, Val, Lyr, Trp, Phe, and Pro were also influenced in this study, but further studies should be conducted to validate the potential mechanism.
Lys restriction mediates satiety via influencing hormone
Serum leptin and gastrin were further tested to investigate the mechanism of lysine restriction on feed intake (Fig. 6A-D) . Although we failed to notice any significant difference in serum gastrin, lysine restriction tended to reduce leptin concentration in mesenteric vein (p=0.053). Leptin, a hormone made by adipose cells, helps to regulate feed intake [29] and the lowered leptin concentration in mesenteric vein was consistent with the higher feed intake in lysine restricted group. We also determined intestinal CCK expression and the results showed that lysine restriction markedly downregulated intestinal CCK expression (p<0.05) (Fig. 6G and H) . In addition, ileal CCK expression was decreased after the 100% lysine diet (L100.100) changed into lysine restricted diet (L100.70) (p<0.05) and CCK was upregulated in L70.100 compared with the L70.70 group. Intestinal ghrelin was also tested and the result was similar to the expression of CCK (p<0.05) (Fig. 6E and F) .
Discussion
Dietary preferences for feeds varying in lysine concentrations were firstly investigated and the results showed that piglets preferred to the lysine restricted diet. Meanwhile, feed intake was significant higher in the lysine-restricted group than that in the control group, which is contrast with the effect of protein restriction on feed intake [1] . These results concluded that lysine limitation failed to contribute to the merit of protein restriction.
Diet rapidly and reproducibly influences gut microbial compositions, structure, and metabolism [30] [31] [32] , which may further control food intake via targeting hormones [13, 33] . In this study, we firstly reported that lysine restriction enhanced intestinal microbial community evenness (Shannon H) and richness (PD and chao1). Various reports indicated an involvement of the intestinal microbiome in growth performance [34, 35] . In this study, we observed significantly higher levels of the phyla Actinobacteria, Saccharibacteria, and Synergistetes in the lysine-restricted group. Actinobacteria are Gram-positive filamentous bacteria and serve as sources of novel antibiotics and secondary metabolites, which may be used in medicine or to improve growth and resistance to diseases [36] . Synergistetes exhibit Gram-negative characteristics and the ability to ferment amino acids [37] . We also found an increase in Moraxellaceae, Halomonadaceae, Shewanellaceae, Corynebacteriaceae, Bacillaceae, Comamonadaceae, Microbacteriaceae, Caulobacteraceae, and Synergistaceae at the family level in response to lysine restriction. Thus, these phyla response to lysine restriction might further mediate amino acid metabolism and feed intake.
PICRUSt is a novel approach to predict the functional composition of a metagenome using marker genes from 16S rRNA sequencing [27] . Using PICRUSt analysis, altered intestinal microbiome caused by lysine restriction might influence amino acid metabolism, membrane transport, endocrine system, carbohydrate metabolism, cellular signaling, and replication and repair. Lysine transporters (SLC7A1 and SLC7A2), intestinal transporting ability, and serum amino acid pool were determined to confirm the role of lysine restriction on amino acid metabolism and membrane transport. Our results suggested that lysine restriction downregulated intestinal expression of SLC7A1 and SLC7A2, suggesting a lower transporting ability, which has been further confirmed by the Ussing chamber assay. Similarly, we also noticed that lysine deficiency for 4 and 7 days in mice inhibited intestinal SLC7A1 expression and protein abundances of CAT1 and CAT2 (encoded by the SLC7A1 and SLC7A2 genes) were decreased after IPEC-J2 cells exposure to lysine-free medium [8] . We further tested the amino acid pool in mesenteric vein and found that serum lysine was decreased and PICRUSt analysis predicted altered intestinal microbiome enhanced lysine biosynthesis in response to dietary lysine restriction. Histone is another basic amino acid along with lysine and the increased histone might compensate lowered lysine absorption. Meanwhile, dietary lysine restriction (L70.70 or L100.70) increased serum His, Cys, Val, and Ile abundances, which also validated the PICRUSt analysis that lysine restriction enhanced His, Cys, Val, and Ile metabolism and biosynthesis. Endocrine system has been considered to be involved in the causality of gut bacteria and feed intake. For example, Everard et al. firstly reported that gut microbiota modulation improved leptin sensitivity and targeted enteroendocrine cell activity in obese and diabetic mice [38] . Furthermore, L-cells produced anorexigenic peptides (i.e. glucagon-like peptide-1 and Peptide YY), CCK, orexigenic hormones ghrelin, and short-chain acids/G-protein coupled receptors are also identified to serve as potential mechanism of gut microbes-controlling feed intake [13, 18, 19] . PICRUSt analysis predicted that dietary lysine restriction and altered intestinal microbiome might influence endocrine system, which further mediated feed intake in piglets. Leptin, a major satiety hormone of endocrine system, helps to regulate feed intake by inhibiting hunger [29] . In this study, we tested serum leptin concentrations in mesenteric vein and carotid artery and found that dietary lysine restriction tended to reduce serum leptin concentrations in mesenteric vein, indicating that lysine restriction associated with leptin abundance failed to inhibit hunger, which then enhanced feed intake in piglets. CKK also acts as a hunger suppressant and the mechanism for hunger suppression has been considered to be a decrease in the rate of gastric emptying [39] . In this study, we found that Lys restriction markedly downregulated intestinal CCK expression. Although we failed to investigate the effect of lysine restriction on gastric emptying, Baruffol et al. reported that L-lysine dose dependently delayed gastric emptying from 0-800 mg in rats and 0.5-7.5 g in humans [40] . Therefore, we speculated that lysine restriction inhibited the release and expression of satiety hormones (leptin and CCK) and promoted gastric emptying, which further enhanced feed intake in piglets.
Conclusion
Lysine restriction improved feed intake but failed to enhance body weight gain in piglet model. Expression of lysine transporters (SLC7A1 and SLC7A2) and transporting ability (Ussing chamber and amino acid pool) were reduced in response to lysine restriction. Altered hormones and gut microbiomes might contribute to the mechanism of feed intake regulation by lysine restriction.
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